l h e first enzyme of the lysine degradation pathway in maize (Zea mays L.), lysine-ketoglutarate reductase, condenses lysine and a-ketoglutarate into saccharopine using NADPH as a cofactor, whereas the second, saccharopine dehydrogenase, converts saccharopine to a-aminoadipic-6-semialdehyde and glutamic acid using NAD+ or NADP+ as a cofactor. l h e reductase and dehydrogenase activities are optimal at pH 7.0 and 9.0, respectively. Both enzyme activities, co-purified on diethylaminoethyl-cellulose and gel filtration columns, were detected on nondenaturing polyacrylamide gels as single bands with identical electrophoretic mobilities and share tissue specificity for the endosperm. l h e highly purified preparation containing the reductase and dehydrogenase activities showed a single polypeptide band of 125 kD on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The native form of the enzyme is a dimer of 260 kD. Limited proteolysis with elastase indicated that lysineketoglutarate reductase and saccharopine dehydrogenase from maize endosperm are located in two functionally independent domains of a bifunctional polypeptide.
lowed by Lys and NADPH (Fjellstedt and Robinson, 1975a) .
The second step in the oxidative degradation of Lys is catalyzed by SDH, which converts saccharopine to a-aminoadipic-6-semialdehyde and Glu using either NADt or NADPf as a cofactor (Hutzler and Dancis, 1970; Fjellstedt and Robinson, 1975b) (Fig. 1 , reaction 2). SDH from human placenta has an M , of 480,000 and could not be separated from LKR, suggesting that both activities are present in the same polypeptide (Fjellstedt and Robinson, 197513) . However, genetic diseases that independently affect the accumulation of Lys and saccharopine because of deficiencies in the activities of LKR and SDH, respectively, suggested the existence of two genes encoding the two enzymes (Hutzler and Dancis, 1970; Dancis et al., 1976) . The purification to apparent homogeneity of both LKR and SDH from baboon and bovine livers provided direct evidence that the two enzyme activities reside in a single polypeptide of 115 kD (Markovitz et al.; 1984) . The native enzyme has an M , of 468,000 and is a tetramer of four identical subunits (Markovitz et al., 1984) . Limited proteolysis of the 115-kD polypeptide from bovine liver permitted the separation of LKR and SDH activities into two distinct polypeptides of 63 and 49 kD, respectively, indicating that the two activities are functionally independent domains of a bifunctional polypeptide (Markovitz and Chuang, 1987) . In rat liver, however, two separate enzymes, one with LKR and another with SDH activity, were demonstrated (Noda and Ichihara, 1978) . The LKR activity from developing tobacco seeds has been shown to be induced by Lys (Karchi et al.; 1994) .
In this paper, we describe the purification and characterization of SDH from a plant source and present strong evidence suggesting that in plants LKR and SDH activities are properties of a bifunctional polypeptide. The bifunctional mammalian enzyme was called aminoadipic semialdehyde synthase (Markovitz et al., 1984) . We, however, maintain the reductase and dehydrogenase names to characterize the first two reaction steps of Lys degradation in maize. Plant Physiol. Vol. .I 10, 1996 N',N',N' ,N'-tetramethylethylenediamine were from Bio-Rad. A11 other reagents and materials were from Sigma.
Plant Material
The commercial hybrid F-352 from Agroceres (São Paulo, Brazil) was used. Plants were grown in the field and selfpollinated, and the ears were harvested 17 to 20 d after pollination and stored frozen at -70°C.
Enzyme Purification
LKR-SDH was purified from immature maize (Zea mays L.) endosperms and from fresh bovine liver as described by Markovitz and Chuang (1987) , with minor modifications. The following steps were performed at 4°C. The tissues were homogenized with buffer A (25 mM sodium phosphate, pH 7.4, containing 1 mM DTT and 1 mM EDTA). The homogenate was centrifuged at 20,OOOg for 10 min, and the supernatant was brought to pH 5.5 by addition of NaH,PO,. PEG 8000 at 50% (w/v) was added to the homogenate to a final concentration of 5%. The mixture was centrifuged at 20,OOOg for 10 min, and the supernatant was adjusted to 7.5% PEG. After the sample was centrifuged at 20,OOOg for 10 min, the supernatant was brought to 15% PEG and centrifuged at 20,OOOg for 10 min. The pellet containing both LKR and SDH activities was resuspended in buffer B (50 mM Tris-HC1, pH 8.4, 2 mM DTT, 1.5 mM EDTA) and dialyzed against the same buffer.
The dialyzed enzyme was applied to a Protein-Pak DEAE 8 HR HPLC column previously equilibrated with buffer B. The enzyme was eluted from the column with a gradient of O to 0.5 M NaCl in buffer B. The fractions containing both LKR and SDH activities were combined, brought to 70% saturation with solid ammonium sulfate, and centrifuged at 20,OOOg for 10 min. The pellet was resuspended in a minimal volume of buffer B, dialyzed against the same buffer, and applied to the same DEAE column again. The fractions containing both enzyme activities were combined, brought to 70% saturation with solid ammonium sulfate, and centrifuged at 20,OOOg for 10 min. The pellet was resuspended in a minimal volume of buffer B and applied to a Superdex 200 HR column previously equilibrated with buffer C (buffer B containing 0.:3 M NaCl). The enzyme was eluted from the Superdex column with buffer C. The fractions containing both enzyme activities were combined, brought to 70% saturation with solid ammonium sulfate, and centrifuged at 20,OOOg for 10 min, and the resuspended pellet was applied to the Superdex column again. This procedure was used to purify severa1 preparations from immature maize endosperm and fresh bovine liver. The purified enzymes were stored at -20°C.
Enzyme Assays .
LKR activity (reaction 1) was measured spectrophotometrically in the direction of NADPH to N A D F as described by Brochetto-Braga et al. (1992) , with minor modifications. For the maize enzyme, the reaction mixture had a final volume of 0.3 mL and contained 20 mM L-LYS, 10 mM a-ketoglutaric acid (neutralized to pH 7.0 with potassium hydroxide), 0.1 mM NADPH, 0.1 M potassium phosphate buffer, pH 7.0, and 0.04 to 0.1 mg of protein. SDH activity was also measured spectrophotometrically by following the reduction of NAD+ to NADH at 30°C in a 0.3-mL reaction mixture containing 2 mM L-saccharopine, 2 mM NAD+, and 0.1 M Tris-HC1 buffer, pH 8.5. For the bovine enzyme the reaction mixture was similar to that for the maize enzyme, except that for the LKR assay, Lys and a-ketoglutarate were added at final concentrations of 30 and 15 mM, respectively, and the reactions were conducted at 37°C. Oxidation of NADPH and reduction of NAD+ were monitored at 340 nm in a DU-65 Beckman spectrophotometer. The protein concentration in the eiizyme extracts was determined with the Bio-Rad protein assay dye reagent.
PAC E
Discontinuous PAGE was performed at pH 7.0 and 4°C in 5 to 20% gradient or 8% slab gels. After electrophoresis, the gels were developed for LKR activity as described by Brochetto-Braga et al. (1992) and SDH activity as follows: the gels were washed three times (each time for 20 min) with 0.1 M Tris-HC1, pH 8.5 (staining buffer), and incubated in the dark at 30°C for 2 h in 20 mL of staining buffer containing 1 mM NADt, 1 mM saccharopine, 0.1 mM phenazine methosulfate, and 0.5% nitroblue tetrazolium.
SDS-PAGE was performed in 7% slab gels according to the procedure of Laemmli (1970) . After electrophoresis, the gel was stained with 0.1% (w/v) Coomassie brilliant blue R-250 in 50% (v/v) methanol and 7.5% (v/v) acetic acid and destained with the same solvent mixture.
Separation of Reductase and Dehydrogenase Activities
The purified LKR-SDH was incubated with elastase (35 units/mg) in final volumes of 26 pL (LKR) and 48 pL (SDH) containing 50 mM Tris-HC1, pH 7.4, 1 mM DTT, and 1 mM EDTA. The digest was applied to nondenaturing polyacrylamide slab gels. After electrophoresis the gels were developed for LKR and SDH activities.
ldentification of Reaction Products
The reaction products of LKR and SDH were separated by TLC. The enzyme reactions were stopped by boiling assay mixtures for 5 min; the solutions were freeze-dried, and the precipitate was resuspended in H,O and applied to a 0.2-mm silica gel plate coated with fluorescent indicator. The standards (1 pL of 10 mM solutions) were as follows: L-LYS, a-ketoglutarate, L-saccharopine, a-aminoadipic acid, and L-G~u. The chromatogram was developed with butanol, acetone, diethylamine, triethylamine, and H,O (1O:lO: 1:1:5, v/v). The a-ketoglutarate was visible under UV light, and amino acids were detected by spraying with a 0.2% ninhydrin solution in acetone followed by incubation at 80°C for 1 h. a-Aminoadipic-6-semialdehyde was identified by reaction with o-aminobenzaldehyde (Basso et al., 1962) .
RESULTS

Enzyme Purification
To characterize the SDH enzyme in plants and to elucidate whether its activity is associated with LKR activity in a bifunctional polypeptide, the enzyme was purified from immature maize endosperm and from bovine liver using a procedure based on that described by Markovitz and Chuang (1987) . Table I shows the sequential steps of maize enzyme purification from one of severa1 preparations. The elution pattern of LKR and SDH activities of the DEAE column repeats is shown in Figure 2A . The peaks of LKR and SDH are superimposed with the LKR activity being 3.5-fold higher than the SDH activity (Table I ). The fractions containing both activities were combined and applied to a Superdex 200 HR gel filtration column. Again, both LKR and SDH co-eluted in the same fractions. Both activities from five consecutive runs were combined and reapplied to the Superdex column. The elution pattern of LKR and SDH of this step is shown in Figure 2B . After this final step, the ratio between LKR and SDH decreased to 1 ( Table  I ). The final preparation of the purification represented in Table I had a specific activity of 2160 units/mg, corresponding to a 250-and 900-fold purification of LKR and SDH, respectively. Figure 2C shows the gel filtration chromatographic profile of LKR-SDH purified from bovine liver. The bovine enzyme eluted faster from the gel filtration column compared to the maize enzyme.
Enzyme extracts prepared in parallel from endosperm, coleoptile, germ, and root tissues were fractionated with ammonium sulfate, desalted on Sephadex G-50 columns, and assayed for LKR and SDH activities. Both enzyme activities were found exclusively in the endosperm.
Molecular Weight of the Native Maize Enzyme
The size of LKR-SDH was determined on a Superdex gel filtration column (Fig. 3) . The activity profile of the maize LKR-SDH corresponds to a molecular weight of 260,000. This suggests that the enzyme is a dimer. The mammalian LKR-SDH has an M, of 470,000 (Fjellstedt and Robinson, 1975a, 197513; Markovitz et al., 1984) , which is consistent with a tetrameric molecule. We did not find any activity for the maize LKR-SDH in the region of 470 kD on the gel filtration column. We confirmed that the oligomeric form of the maize enzyme differs from the mammalian enzyme by Superdex gel filtration (Fig. 2C) .
Purity of Maize LKR-SDH
The partially purified preparation obtained after DEAESephacel chromatography was subjected to 5 to 20% PAGE; individual lanes were stained for LKR or SDH activities (Fig. 4) . Both activities appeared in the gel as single bands with identical mobilities.
The enzyme preparations obtained in each purification step were analyzed by SDS-PAGE. The purest preparation 5A ). This is close to the value of 115,000 observed for the mammalian enzyme (Markovitz et al., 1984; Markovitz and Chuang, 1987) . The purified LKR-SDH from bovine liver (Fig. 2C ) when separated by SDS-PAGE confirmed that the maize enzyme is approximately 10 kD larger than the bovine enzyme: The presence of maize LKR and SDH activities in a single protein indicates a bifunctional polypeptide.
Separation of Reductase and Dehydrogenase Activities
The purified maize LKR-SDH was subjected to limited proteolysis with elastase. The digests were separated by nondenaturing PAGE, and the gels were developed for LKR and SDH activities (Fig. 5B) . The mobilities of both LKR and SDH activities changed as the concentration of elastase in the digestion mixture increased from O to 24 pg. This suggests the presence of sites sensitive to the protease between the two enzymatic domains of the native polypeptide. Whereas the new SDH band is most pronounced at the highest concentration of elastase, the new LKR band is no longer detected. This suggests additional protease-sensitive sites in the LKR domain.
Reaction Products
To confirm the authenticity of the reaction catalyzed by the maize LKR-SDH, reaction products were analyzed by TLC and absorption spectroscopy (Fig. 6) . Incuba~tion of the enzyme with Lys, a-ketoglutarate, and NADPH gave rise to an amino acid that co-migrated with authentic saccharopine (Fig. 6A, lane 7) , whereas the incubation of the enzyme with saccharopine and NADt gave rise to an amino acid that co-migrated with authentic G1i.1 (Fig. 6A,  lane 6) . The presence of a-aminoadipic-6-semialdehyde in the SDH reaction mixture was confirmed by the appearance of a compound with an absorption maximum at 470 nm after reaction with o-aminobenzaldehyde (Basso et al., 1962) (Fig. 6B) .
p H Optimum
The pH optimum for maize LKR is 7.0 (Arruda et al., 1982) (Fig. 7, top) . NADH cannot substitute NADPH at any pH. The SDH activity increased in a sigmoid-shaped curve from pH 6.0 to more than p H 9.0 (Fig. 7 , bottom) . Activity was lost above p H 10, presumably because of protein denaturation. This result is similar to that found for the human placenta SDH, which exhibits a bell-shaped curve with optimum activity at pH 8.5 (Fjellstedt and Robinson, 197513) . Like the human enzyme, SDH from maize showed about 10% of the activity, at a11 pH values tested, when NAD+ was replaced by NADP+. 
DISCUSSION
The first two steps of Lys degradation in mammals are the reverse of the last two steps of Lys biosynthesis in yeast and fungi (Jones and Broquist, 1966; Saunders and Broquist, 1966) . The two reactions are catalyzed by LKR and SDH (Hutzler and Dancis, 1970; Fellows and Lewis, 1973; Robinson, 1975a, 1975b) . The first enzyme condenses Lys and a-ketoglutarate to saccharopine (Fig. 1,  reaction 1) , whereas the second converts saccharopine into a-aminoadipic-6-semialdehyde and Glu (Fig. 1, reaction 2) . LKR has a stringent cofactor requirement for NADPH (Fjellstedt and Robinson, 1975a) , whereas SDH shows optimum activity with NAD + but can also utilize, although less efficiently, NADP+ (Fjellstedt and Robinson, 1975b) .
In a previous report we described the partial purification of LKR from immature maize endosperm (Brochetto-Braga et al., 1992) . Here we describe the characterization and purification of SDH from the same tissue and demonstrate that, as in mammals (Markovitz et al.; 1984; Markovitz and Chuang, 1987) , LKR and SDH from plants are activities of a bifunctional polypeptide. When the enzyme was purified from immature maize endosperm, the LKR and SDH activities co-purified in all steps (Fig. 2) and co-migrated as single bands in nondenaturing PAGE (Fig. 4) .
One characteristic of multifunctional enzymes, since they are presumably produced in equimolar amounts, is constant activity ratios during the purification. The LKR/SDH activity ratio of the maize enzyme, however, decreased from 3.5 to 1.0 from the initial to the final step of purification (Table I ). This could be indicative of a differential degree of purification of two separated enzymes. We verified, however, that this is not the case. The LKR activity is very sensitive to different extraction buffers. For example, in 5 mM Mops, pH 7.4, the maize LKR/SDH activity ratio is 0.5. Loss of LKR relative to SDH activity was also observed upon storage under saturated ammonium sulfate.
The most highly purified maize LKR-SDH showed a major protein band of 125 kD on SDS-PAGE (Fig. 5A) . The molecular weight of the maize polypeptide is very close to that observed for the animal enzyme (Markovitz et al., 1984; Markovitz and Chuang, 1987) . Limited proteolysis of the homologous 115-kD polypeptide from bovine liver resulted in separation of two fragments of 63 and 49 kD containing the activities of LKR and SDH, respectively (Markovitz and Chuang, 1987) . Thus two domains in the 115-kD polypeptide are independently folded to form the active center of each enzyme (Markovitz and Chuang, 1987) . The maize LKR-SDH protein was subjected to limited proteolysis using elastase. The digest was resolved on a nondenaturing polyacrylamide gel and developed for LKR and SDH. The results are similar to those obtained for the bovine liver enzyme (Fig. 5B) . Bovine (Markovitz et al., 1984; Markovitz and Chuang, 1987) and maize LKR and SDH activities reside in bifunctional polypeptides. Since maize and mammalian are quite distant eukaryotes, bifunctionality may be the rule for the enzyme, despite the observation of the separate LKR and SDH activities in rat liver (Noda and Ichihara, 1978) . There are biological advantages for two covalently linked domains in a polypeptide catalyzing sequential steps of a pathway, such as the production of equimolar amounts of the translation products (Traut and Jones, 1977) and substrate channeling, in which the product of the first reaction step is channeled faster to the second catalytic domain than it is released into the medium (Traut and Jones, 1977; Wahl et al., 1979) .
The maize LKR-SDH is endosperm specific. LKR may play an important role in the regulation of Lys metabolism in developing endosperm (Arruda and Silva, 1983; Brochetto-Braga et al., 1992) . Recently, Karchi et al. (1994) demonstrated that overproduction and/or feeding with exogenous Lys dramatically increased the activity of LKR in tobacco seeds. Induction of LKR was also observed in liver extracts from rats fed excess Lys (Scislowski et al.; 1994) or treated with glucagon (Foster et al., 1993) . These findings may suggest that the LKR-SDH bifunctional polypeptide may quickly channel Lys to glutamate to control the level of free Lys. 
